The long QT syndrome is electrocardiographically characterized by a prolonged QT interval and by several other, more subtle, ST-T-U wave abnormalities, most of which have not been quantified. To determine the possible usefulness of several new electrocardiographic characteristics in identifying patients with known long QT syndrome, logistic regression models were applied to a data base of seven new, relatively independent, electrocardiographic repolarization variables. These were measured on digitized 12-lead electrocardiograms of 315 normal subjects and 37 patients with the long QT syndrome (members of well-identified long QT syndrome families, QTc>0.44 second, 27% symptomatic), who ranged in age from 17 to 60 years.
tion variables except the early duration variable were essentially independent of the QTc (r 2<0. 15) , and all contributed significantly to the identification of patients with long QT syndrome. A classification model of five electrocardiographic predictor variables resulted in an estimated sensitivity (95% confidence interval) of 92.6% (81.6-100%) and an estimated specificity (95% confidence interval) of 95.8% (93.6-98.1%). This model performed significantly better than an alternative classification model that was based on the early duration variable as a single predictor variable. The symptomatic status of patients with long QT syndrome could not be predicted by any combination of the electrocardiographic variables in the investigated model. (Circulation 1990 ;82:521-527) T he conventionally used electrocardiographic criterion to diagnose the long QT syndrome, in an appropriate clinical setting, is a heart rate corrected QT interval (QTc) of greater than 0.44 second.' This arbitrary cutoff value creates a gray zone that contributes to false-positive and falsenegative classification errors. Our previous work on repolarization quantification in normal subjects2 '3 identified seven relatively independent electrocardiographic variables that convey information additional to that conveyed by the QTc regarding repolarization morphological characteristics. The selection of some of these variables was related to a variety of observed differences in the ST-T-U wave morphology between normal subjects and patients with the long QT syndrome that have not been quantified before.
The purpose of this study was to compare patients with the long QT syndrome with normal subjects by use of this descriptive quantitative approach and to determine the contribution of these new repolarization characteristics in identifying patients with the long QT syndrome.
Method

Population
The study population consisted of 315 normal subjects and 37 patients with long QT syndrome, whose age ranged from 17 to 60 years, who had digitized 12-lead electrocardiographic recordings obtained on an MAC-12 recorder (Marquette Electronics, Inc., Milwaukee, Wis.). All electrocardiograms showed normal sinus rhythm with normal QRS axis and duration.
Normal subjects were asymptomatic, medication-free, without personal or family history of any cardiovascular or pulmonary disease, with a normal physical examination, and with a normal 12-lead electrocardiogram (not including QT interval measurement) as interpreted by 
Data Acquisition and Processing
Data acquisition and processing were previously reported.2,3 In short, digitized 12-lead electrocardiograms were recorded on an MAC-12 system at a sampling frequency of 250 Hz. Lead-specific median beats were processed and analyzed by a validated wave-detection computer algorithm that determines T wave maximum, T wave offset, and U wave offset. The algorithm relates the time of occurrence of these repolarization waves to the earliest P wave onset, earliest Q wave onset, and latest S wave offset in the 12-lead recording.
Repolarization Characteristics and Variables
Repolarization characteristics and the corresponding electrocardiographic variables were 1) early duration (SoTmc): the heart rate corrected S wave offset (So) to T wave absolute maximal amplitude (Tm) interval (msec112), 2) late duration (TmTo): Tm to T wave offset (To) interval (msec), 3) rate (t.A25 -75): the time to accumulate the mid-50% of total absolute repolarization area (integrated repolarization signal), from its 25% to its 75% value (msec), 4) area (Atot): total absolute repolarization area from So to the end of the repolarization signal or to the next P wave onset (whichever occurred first) (mV. msec), 5) symmetry (SR)-T wave area symmetry ratio; the ratio between the integrated area over SoTm and TmTo intervals, 6) late phenomena (%A@To): percent Atot accumulated at To, and 7) heterogeneity (SoTntsd): the standard deviation of SoTm interval in the precordial leads (msec). All variables were measured in lead V5 except SoTntsd, which was calculated from measurements in 4-6 precordial leads. QT and SoTm intervals were corrected for heart rate by the Bazett formula,4 with the average RR interval observed during the 10-second original recording. The QTc was kept as one of the a prioridefined diagnostic criteria of patients with long QT syndrome and as a conventional reference for comparison with other variables. Demographic variables included age and gender (body surface area was discarded, because it was uncorrelated with all investigated electrocardiographic variables and was not significantly different between the two study groups).
Statistical Analysis
Differences between mean values in subsets were tested for statistical significance by the t test, allowing for multiple comparisons when assessing statistical significance. Univariate comparisons were repeated with the Mann-Whitney test, and a t test on the logarithmic-transformed raw data, to take into account the skewness in the distributions of the raw data. Overall (multivariate) differences between some subsets were tested by the Hotelling T2 test. The independent contribution of individual electrocardiographic variables to the diagnostic classification (long QT syndrome versus normal) among the total study population was determined by applying stepwise logistic regression models,5,6 in which age, gender, and the seven preselected logarithmictransformed electrocardiographic variables (excluding QTc) served as predictor (independent) variables to the diagnosis. Because SoTmc was highly correlated with QTc, separate models with and without SoTmc were considered. The fitted logistic regression model provides a formula for the probability of being in the long QT syndrome group as a function of the predictor variables. This provides a basis for a diagnostic test that classifies individuals as patients with long QT syndrome if their associated probability of being in the long QT syndrome group, according to the model, exceeds any prespecified cutoff value. Varying the probability cutoff for a single model creates a variety of diagnostic tests whose estimated performances can be described by a receiver operating characteristic curve,6 a plot of sensitivity versus (100-specificity). A particular probability cutoff that gave a desirable balance between sensitivity and specificity was used in most analyses. Each alternative classification model was described in terms of its sensitivity and specificity, in differentiating patients with the long QT syndrome from normal subjects within the given study population.
Sensitivities and specificities for any particular classification model were first estimated "crudely," by using the classification model on the available data-the data from which the model was constructed. To remove the bias in these estimates, we applied the bootstrap technique78 to the difference between the true error rate and the apparent, or "crude," error rate. The average of these bootstrap estimates was added to the crude error rate to estimate the true error rate, and the variability of these estimates was used to create approximate 95% confidence intervals for the true error rate. However, this procedure was performed separately for each conditional error rate (equivalently, sensitivity and specificity) rather than for the total error rate. Conditional bootstrap analyses were performed by resampling separately from the normal subgroup and from the long QT syndrome subgroup. Resampling with replacement (bootstrapping) creates new subsets from the original study subsets in which any given individual can be included more than once. This reduces the bias inherent in evaluating a diagnostic test on the same data from which it was derived. Specifically, a sample of size 37 was selected, with replacement, from the long QT syndrome subgroup, and a sample of size 315 from the normal subgroup. These two samples were then combined to form a single sample, referred to as a "bootstrap sample," which served to refit a new logistic regression model with the same predictor variables that were selected in the original model. The difference between the true error rate and the crude error rate was then estimated by applying this newly constructed model to the original data and to the bootstrap sample, respectively (separately for normal subjects and for patients with long QT syndrome). The process was repeated 100 times, simultaneously with 31 probability cutoffs ranging from 0.005 to 0.75; thus, a range of classification models was created, each with its average estimated true sensitivity and specificity and with 95% confidence intervals. These were used to construct a bootstrap receiver operating characteristic curve and approximate 95% confidence limits for a particular probability cutoff.
Results
Representative computer-processed electrocardiograms of a normal subject and a patient with long QT syndrome, in which the six precordial lead R waves are superimposed, is presented in Figure 1 . In addition to the prolongation and general delay in the development of the repolarization signal, the electrocardiogram of the patient with long QT syndrome exhibits a more bizarre ST-T-U wave morphology in individual leads, as well as a more pronounced malalignment of the six precordial T waves, than does the electrocardiogram of the normal subject. Univariate Diagnostic Classification A comparison of demographic and electrocardiographic variables between patients with long QT syndrome and normal subjects is presented in Table  1 . The two groups were well matched on age; the long QT syndrome group included more females and had a significantly more prolonged RR interval than did the normal group (p<0.005). The long QT syndrome group differed significantly from the normal group (p<0.001) in all selected electrocardiographic variables except Atot and SR. Similar univariate analyses were performed by gender. Differences between the long QT syndrome and the normal groups among females were similar to those observed in Table 1 except for TmTo (141+64 versus 108±18 msec, respectively, p=0.02). Differences between the long QT syndrome and the normal groups among males were similar as well except for SR (1.6+0.59 versus 1.53+0.27, respectively, p=0.66).
Multivariate Diagnostic Classification
The results of a logistic regression analysis with all nine original predictor variables are presented in (Table  3) revealed that all except SoTmc were essentially QTc independent (r2<0.15). These five independent predictor variables were then used to fit a fivepredictor, a one-predictor (SoTmc alone), and a four-predictor (t.A25-75, SR, %A@To, and SoTm. sd) model. The five-predictor logistic regression model was as follows: the base 10 logarithm of the ratio of the probability of being part of the long QT syndrome group to the probability of being part of the normal group is given by a constant (namely, -137 tively. With all logarithms removed, an alternative expression for such a model is that the odds ratio is proportional to the product of powers of the repolarization variables (the coefficients above are the corresponding powers). Note that except for SR, the higher the value of any of these measures, the greater the probability of belonging to the long QT syndrome group. The corresponding constant term and coefficients for the four-predictor model were 87.47, 0, 8.58, -0.35, 34.96, and 1.18, respectively, and for the one-predictor model were -37.19, 15.09, 0, 0, 0, and 0, respectively. The five-predictor model performed significantly better than the other two models. Each of the three models was then used as a diagnostic test with various probability cutoffs. Sensitivities and specificities were first crudely estimated by applying the logistic regression formula, with varying probability cutoffs, to each member of the study population (n =352). To remove bias and to gauge reliability, a bootstrap procedure was performed. Figure 2 presents, for the five-predictor model, the resulting crude and bootstrap receiver operating characteristic curves. A probability cutoff of 0.2 was selected for comparisons of different models as having relatively more desirable sensitivity and specificity (crude estimates of 95% and 96%, respectively).
Comparison of Selected Diagnostic Classification Models
The performances of selected classification models are summarized in Table 4 . The sensitivity and specificity of the five-predictor model were higher than those of the four-and one-predictor models, respectively. The independent contribution of nonQTc-dependent variables to the diagnostic classification is further emphasized by the similar performances (for a probability cutoff of 0.2) of the oneand the four-predictor models (Table 4) . Bootstrap estimated classification error rates for the fivepredictor model, using two selected probability cutoffs, are presented in Table 5 . Bootstrap estimates of Figure 2) . The confidence limits for sensitivity were much wider than those for specificity because of the preponderance of normal subjects in the study population. (multivariate) difference between both subsets was not significant (p=0.31).
Discussion
The principal findings of this study demonstrate the ability to identify electrocardiographically patients with the long QT syndrome by several new, quantified morphological repolarization characteristics. All independent predictors of the long QT syndrome diagnosis, except SoTmc, were uncorrelated with the QTc, which served as one of the a priori criteria for the diagnosis. The symptomatic status of patients with long QT syndrome could not be predicted by any of the electrocardiographic variables in the investigated model.
Several previous studies have pointed out a variety of qualitative morphological ST-T-U wave abnormalities that are characteristic of patients with the long QT syndrome.1'9-'2 Our previous study on the quantification of ventricular repolarization2,3 has identified and quantified several independent repolarization characteristics in normal subjects that convey additional information to that conveyed by the QTc. The current results indicate that patients with long QT syndrome differ significantly from normal subjects in several of these independent repolarization characteristics, namely, early duration, rate, symmetry, late phenomena, and heterogeneity. This finding highlights the complexity of the repolarization abnormality in this syndrome.
Limitations
Because of the complexity of the ventricular repolarization process and the existing gap between surface electrocardiography and direct cardiac recordings, the electrocardiographic predictor variables in our analysis cannot be accurately related to basic electrophysiological concepts. Nevertheless, the results of the descriptive empirical approach taken in this study add to our understanding of abnormal repolarization as reflected on the surface electrocardiogram. Because the long QT syndrome does not have an absolute diagnostic marker, the selection of our long QT syndrome population was based on epidemiological and electrocardiographic criteria. We adopted the electrocardiographic criterion of a QT greater than 0.44 second to stay within the framework of conventional, empirical, clinical electrocardiography. By definition, a QTc greater than 0.44 second was used to identify patients with long QT syndrome.
Thus, QTc was a classification variable with 100% sensitivity. By that definition, there were no falsepositive readings among patients with long QT syndrome and no false-negative readings among both study subsets. Among normal subjects, 20 individuals (6.3%) had a QTc greater than 0.44 second (falsepositive). We, therefore, were prohibited from comparing its classification performance to that of the other investigated variables. The selection bias that might have been involved in using such a criterion is balanced by the additional, well-scrutinized, epidemiological criteria that were used in the selection and by the fact that most electrocardiographic predictor variables in the investigated model were relatively independent of the QTc. Although patients with long QT syndrome were preselected according to their QTc, the fact that almost all the new electrocardiographic variables were QTc independent and yet could still differentiate patients from normal subjects implies that these variables provide diagnostic information in addition to that conveyed by the QTc. This does not imply that the QTc is diagnostically inferior or superior to the new set of electrocardiographic variables but suggests that the QTc conveys an incomplete portion of the diagnostic information contained in the repolarization waveform. The originally available group of normal subjects had contained fewer individuals in the pediatric age range than the group of patients with long QT syndrome. We confined our attention to the age range of 17-60 years to avoid major age imbalance between the two study groups. A potential confounding variable in the analysis is /3-blocker therapy. Patients with long QT syndrome who were receiving /3-blocker therapy tended to have a longer RR interval and a longer QTc than did patients who were not receiving 3-blockers, yet these trends were not significant (p>0.05). Among asymptomatic patients, those receiving 8-blockers did not differ significantly from those not receiving /3-blockers (p>0.10) in any of the investigated electrocardiographic variables. All the previously mentioned comparisons are based on a small sample size and, therefore, should be interpreted with caution.
Diagnostic Classification Models
Selected diagnostic classification models in this study demonstrate the ability to identify patients with the long QT syndrome by using several repolarization variables, most of which are unrelated to the QTc. In effect, the four-predictor model, which used four predictor variables that were all independent of the QTc, was similar in its sensitivity and specificity to the one-predictor model, which used SoTmc as a single predictor variable (Table 4) . Sensitivities were uniformly lower than specificities in most models (Table   4 ), in part because of the preponderance of normal 
